STUDY QUESTION: Can primary human uterine microvascular endothelial cells (UtMVECs) be used as a model to study uterine angiogenic responses in vitro that are relevant in pregnancy?
Introduction
During angiogenesis, endothelial cells (ECs) lining blood vessels are activated by proangiogenic stimuli to locally degrade the basement membrane and extracellular matrix (ECM), invade the surrounding tissue and form new blood vessels (Folkman and D'Amore, 1996; Carmeliet and Jain, 2011; Potente et al., 2011) . While ECs are normally quiescent in adults, after activation of the angiogenic switch, they can be induced to undergo sprouting angiogenesis (Bergers and Benjamin, 2003) . This activation occurs in the uterine endothelium during pregnancy and the female reproductive cycle and also occurs during wound repair (Folkman, 1995; Ribatti et al., 2007) .
Proper cyclical angiogenesis and angiogenic development of capillaries and arterioles within the decidua early in pregnancy are critical for normal reproductive processes and placental development, respectively (Reynolds and Redmer, 1995; Reynolds et al., 2005a, b) . Between gestational days 7 and 11 of human pregnancy, the vessels of the uterus respond to locally produced angiogenic factors to initiate angiogenesis and surround the syncytiotrophoblast layer (Burton et al., 1999) . This early endometrial decidualization provides the developing fetus with adequate nutrition before maturation of the placenta where, in humans, the uteroplacental circulation opens around Week 12 (Hustin and Schaaps, 1987) . Impaired decidual vascularization in response to proangiogenic stimuli and defective uterine spiral artery remodeling are associated with detrimental complications, including recurrent spontaneous abortions (RSAs), high-blood pressure, preeclampsia and fetal growth restriction, while excessive uterine angiogenesis early in pregnancy is thought to increase oxidative stress in the conceptus, leading to RSA (Quenby et al., 2009; Williams et al., 2009; Lyall et al., 2013) . Thus, investigation of the mechanisms controlling uterine angiogenesis in humans is critical to completely understand key events required in early pregnancy.
Throughout pregnancy, various proangiogenic growth factors (GFs), including vascular endothelial GF (VEGF) and basic fibroblast GF (bFGF), are produced in utero by the decidua, placenta and endometrium, stimulating new blood vessel growth Torry and Rongish, 1992; Zygmunt et al., 1998a Zygmunt et al., , 2002 Zygmunt et al., , 2003 Hyder and Stancel, 1999; Li et al., 2001; Herr et al., 2003) . In response to VEGF binding to the VEGF receptor 2 (VEGFR2), both the mitogenactivated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Protein kinase B (Akt) pathways are activated through second messengers, inducing ECs to undergo increased proliferation, chemotaxis and reorganization of the actin cytoskeleton to increase vascular permeability (Ferrara and Henzel, 1989; Dvorak et al., 1991; Senger et al., 1993; Waltenberger et al., 1994; Hanahan and Folkman, 1996; Yoshida, 1996; Ferrara and Davis-Smyth, 1997; Takahashi et al., 1999 Takahashi et al., , 2001 Ruan and Kazlauskas, 2012) . VEGF expression increases 3-fold during the secretory phase of the uterine cycle (Torry et al., 1996) . Additionally, VEGF isoforms and receptors are differentially expressed during implantation, suggesting a role for VEGF signaling during early pregnancy when sprouting angiogenesis is critical (Hyder and Stancel, 1999; Halder et al., 2000) . bFGF acts as a potent mitogen (Shing et al., 1984 (Shing et al., , 1985 Friesel and Maciag, 1995) , activating PI3K and downstream Akt signaling (Ong et al., 2001; Rieck et al., 2001) as well as the MAPK pathway (Eliceiri et al., 1998; Giuliani et al., 1999; Cross et al., 2002; Tanghetti et al., 2002) , inducing the upregulation of matrix metalloproteinases (MMPs), as well as proliferation and migration of ECs (Taraboletti et al., 2002) . Expression of bFGF is increased in the porcine uterine epithelium and conceptus during the peri-implantation period (days 10-14), but not during the corresponding days of the estrous cycle (Gupta et al., 1997) . Further, in cultured ECs, VEGF and bFGF have synergistic effects on cell proliferation and gene expression of proangiogenic factors (Pepper and Mandriota, 1998) . These findings highlight a key role for both VEGF and bFGF in successful pregnancy.
Sphingosine 1-phosphate (S1P) synergizes with VEGF and bFGF in vitro to induce angiogenesis (Bayless and Davis, 2003) . S1P is a bioactive lysosphingolipid released by activated platelets or generated locally by sphingosine kinase. On ECs, S1P binds to the G-protein coupled receptors S1P1 and S1P3 Kluk and Hla, 2002) . This interaction triggers G i signaling leading to downstream activation of extracellular-signal regulated kinase (ERK) and PI3K signaling pathways to promote angiogenesis (Lee et al., 1999; Wang et al., 1999; Morales-Ruiz et al., 2001) . S1P1 and S1P3 along with sphingosine kinase are upregulated in the uterine endothelium during pregnancy, and inhibition of S1P signaling leads to defects in endothelial sprouting responses (Skaznik-Wikiel et al., 2006; Kaneko-Tarui et al., 2007; Dunlap et al., 2010) . Not only does S1P synergize with VEGF and bFGF in vitro to promote sprouting (Bayless and Davis, 2003) , S1P also stimulates the activation and translocation of the membrane-bound MMP, MT1-MMP, to the plasma membrane (Nyalendo et al., 2007; Gingras et al., 2008; Kwak et al., 2012) . Once localized to the plasma membrane, MT1-MMP degrades multiple basement membrane and ECM components, such as fibrin, fibronectin, and collagen type I, remodeling the environment surrounding the uterine microvasculature (Wewer et al., 1986; Aplin et al., 1988; Ohuchi et al., 1997; Vu and Werb, 2000; Koshikawa et al., 2005; Sato et al., 2005; Nyalendo et al., 2007) . Thus, signaling responses downstream of the lysosphingolipid S1P are likely critical for successful angiogenic responses.
Although most ECs are quiescent after development, the uterine endothelium serves as a striking exception to this rule, becoming repeatedly activated during the female reproductive cycle and during pregnancy. Cycling reproductive hormones, estrogen and progesterone, and other pregnancy-stimulated lipids and proteins have been implicated in inducing the angiogenic switch in the uterine endothelium (Lebovic et al., 2000; Moller et al., 2001) . One such hormone, human chorionic gonadotropin (hCG), is produced and secreted by placental trophoblasts before implantation (Muyan and Boime, 1997; Kovalevskaya et al., 2002; Handschuh et al., 2007; Guibourdenche et al., 2010) . After binding to G-protein coupled LH-hCG receptors on uterine EC (Toth et al., 1994) , hCG has been shown to signal in a pertussis toxin (PTx)-sensitive manner to induce sprouting angiogenesis in in vitro assays (Zygmunt et al., 2002; Berndt et al., 2006; Herr et al., 2007) . Thus, like VEGF, bFGF and S1P, hCG is well recognized to stimulate angiogenic responses in ECs.
Along with these proangiogenic factors, ECs are also constantly exposed to wall shear stress (WSS) applied by blood flow. Fluid forces can combine with proangiogenic molecules to promote angiogenesis in post-capillary venules (Davies et al., 1995; Topper and Gimbrone, 1999) , where WSS levels are between 1 and 8 dyn/cm 2 (Ichioka et al., 1997; Koutsiaris et al., 2007) . During pregnancy, the overall maternal cardiac output increases, facilitating an increase in uteroplacental blood flow (Lecarpentier et al., 2016) . This increased blood flow promotes placental vascularization, which is critical for proper fetal development (Reynolds and Redmer, 1995; Magness, 1998) . Multiple studies have uncovered the importance of WSS forces, caused by flow, for proper vascular remodeling in the developing fetus (Hogers et al., 1997; Ichioka et al., 1997; Hove et al., 2003; Isogai et al., 2003; Lucitti et al., 2007) . Therefore, the application of WSS to uterine ECs is a critical component to include when modeling the factors that promote uterine angiogenesis. In studying angiogenesis in vitro, human umbilical vein ECs (HUVECs) have been utilized as a model to investigate angiogenic sprouting events. When studying the physiological or pathological angiogenesis of specific organs, however, often ECs of that particular tissue are preferable, as there may be tissue specific stimuli and responses not seen in all ECs. In this study, we tested the potential of primary human uterine microvascular ECs (UtMVECs) to serve as a model cell line to study endometrial sprouting angiogenesis in threedimensional (3D) type I collagen matrices. We observe that UtMVECs can respond to various proangiogenic stimuli relevant to pregnancy that promote invasion into collagen matrices, through activation of key signaling pathways known to be essential during angiogenesis. Importantly, these studies provide a quantifiable model to investigate and quantify 3D UtMVEC sprouting, which should serve as a useful approach to aid our understanding of uterine angiogenesis during pregnancy and the female reproductive cycle.
Materials and Methods
Reagents D-erythro-sphingosine 1-phosphate (S1P), ascorbic acid, pertussis toxin (PTx), β-estradiol, progesterone and hCG were purchased from SigmaAldrich (MO, USA). TNFα protease inhibitor-2 (TAPI-2), UO126, and Akt Inhibitor-X (Akt-X) were obtained from Calbiochem (CA, USA). VEGF and bFGF were purchased from R&D Systems (MN, USA). Tissue culture flasks were obtained from Corning (NY, USA). Rat-tail collagen type I was isolated as described (Bornstein, 1958) .
Cells
UtMVECs (Lonza, MD, USA), were used at passages 4-7, and HUVECs (Lonza, MD, USA), were used at passages 2-6. Cells were cultured on gelatin-coated flasks in M199 (Gibco, Thermo Fisher, MA, USA) growth medium containing fetal bovine serum (Invitrogen, CA, USA), bovine hypothalamic extract (Maciag et al., 1979) and heparin (Sigma-Aldrich, MO, USA), as previously described ). mRNA isolation, cDNA synthesis and RT-PCR RNA was isolated from HUVECs and UtMVECs at Passage 5 using an RNeasy minikit (Qiagen, MD, USA). RNA was treated with RNase-Free DNase (Qiagen, MD, USA) for 10 min at 22°C. RNA (1.5 μg) was reverse transcribed into cDNA using SuperScript III First-Strand Synthesis System (Invitrogen, CA, USA) following manufacturer's instructions. Primers were used to amplify human GAPDH (NM_002046.4, 228 bp; 5′-CGACCAC TTTGTCAAGCTCA-3′ and 5′-AGGGGTCTACATGGCAACTG-3′), Claudin-5 (NM_001130861.1, 239 bp; 5′-GAGGCGTGCTCTACCTGTTT-3′ and 5′-GTACTTCACGGGGAAGCTGA-3′), Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1) (M28526.1, 172 bp; 5′-ATGATGCCC AGTTTGAGGTC-3′ and 5′-ACGTCTTCAGTGGGGTTGTC-3′), vascular endothelial (VE)-cadherin (NM_001795.3, 182 bp; 5′-CCAGGTATGAGATC GTGGTG-3′ and 5′-AAACAGAGAGCCCACAGAGG-3′), Vimentin (NM_003380, 177 bp; 5′-GGGACCTCTACGAGGAGGAG-3′ 5′-AAGATT GCAGGGTGTTTTCG-3′), von Willebrand Factor (vWF) (K03028.1, 152 bp; 5′-AGATGTTTGCCTACGGCTTG-3′ and 5′-CAGCCTGTGACCCTCTT CTC-3′), Caveolin-1 (NM_001172897.1, 152 bp; 5′-GAGCTGAGCGAGAA GCAAGT-3′ and 5′-CAAATGCCGTCAAAACTGTG-3′), α-Smooth Muscle Actin (α-SMA, ×13839.1, 222 bp; 5′-TTCAATGTCCCAGCCATGTA-3′ and 5′-GAAGGAATAGCCACGCTCAG-3′), and cytokeratin-8 (M34225.1, 158 bp; 5′-GTGGAGAGCTGGCCATTAAG-3′ and 5′-CTTCCTGTA GGTGGCGATGT-3′). RT-PCR was performed using a 58°C annealing temperature and 30 s extension time for 25 cycles.
Immunostaining
UtMVECs (Passage 4) were seeded onto 12 mm 2 coverslips (50 000 cells per coverslip) precoated with 50 μl of 20 μg/ml type I collagen in a 24-well plate. Cells were allowed to attach for 1 h at 37°C with 5% CO 2 before adding 1 ml M199-based growth medium overnight. Cells were fixed with 4% paraformaldehyde in PBS for 20 min and washed two times for 15 min in Tris-Glycine buffer containing 0.3% tris and 1.5% glycine. After permeabilization for 20 min using 0.5% Triton X-100 in PBS, cells were blocked overnight in 0.1% Triton X-100, 1% bovine serum albumin (BSA) and 1% goat serum in TBS at 4°C. Coverslips were incubated with primary antibodies directed against PECAM-1 (1:200; 3528S, Cell Signaling, MA, USA), VE-cadherin (1:200; sc-9989 Santa Cruz Biotechnology, TX, USA), claudin-5 (1:100; 35-2500, Invitrogen, USA), vimentin (1:100; sc-6260, Santa Cruz Biotechnology), vWF (1:100; A0082, DAKO, CA, USA), α-SMA (1:200; A5228, Sigma-Aldrich), mouse IgG (1:100; 02-6502, Invitrogen), or rabbit IgG (1:100; 02-6102, Invitrogen) diluted in blocking buffer in a humidified chamber, at room temperature, for 3 h. Coverslips were washed three times for 20 min with 0.1% Triton X-100 in PBS before a 1 h incubation with goat Alexa Fluor 488-conjugated secondary antibodies (1:300; Molecular Probes, Thermo Fisher, MA, USA) diluted in blocking buffer. After washing three times for 20 min in 0.1% Triton X-100 in PBS, coverslips were incubated with 1 μM DAPI (Molecular Probes) for 10 min at room temperature with slight agitation before mounting and imaging with a Nikon TI A1R inverted confocal microscope. Using a numerical aperture of 1.4, 60× Z-stack images were taken, using eight 0.4 μm steps, compressed and analyzed using Nikon Elements Software (Media Cybernetics, MD, USA).
Invasion assays
Invasion assays were performed as described previously . Briefly, 3D type I collagen matrices were prepared at a final concentration of 2.5 mg/ml containing specified concentrations of S1P (0-1 μM).
A total of 28 μl of collagen was added per well of a half-area 96-well plate (Corning), and allowed to polymerize at 37°C with 5% CO 2 for 30-45 min. Cells (30 000) were allowed to attach in a 50 μl volume of M199 containing 1× reduced serum II ((RSII), 500 μg/ml BSA, 5 μg/ml insulin, 5 μg/ml human holo-transferrin, 4.28 μg/ml oleic acid, 5 ng/ml sodium selenite; Sigma-Aldrich, USA). After 30 min, an additional 50 μl of M199 containing 1× RSII, 80 ng/ml VEGF, 80 ng/ml bFGF, and 100 μg/ml ascorbate was added (Final concentration: 1×RSII, 40 ng/ml VEGF, 40 ng/ml bFGF, 50 μg/ml ascorbate in 100 μl M199). Cells were allowed to invade for 24 h at 37°C with 5% CO 2 before fixing in 3% glutaraldehyde (Sigma-Aldrich) in PBS and staining with 0.1% toluidine blue (Sigma-Aldrich) in 30% methanol. In S1P dose-response experiments, collagen matrices were prepared as described above, containing 0, 10, 100 or 1000 nM S1P. In time-course experiments, ECs were seeded onto collagen matrices containing either 0 or 1 μM S1P for 30 min before collecting extracts. In the remaining wells, 50 μl of M199 containing RSII, GFs and ascorbate was added (as described above), and cells were allowed to invade for 8, 12, 16 and 24 h before being fixed, stained and quantified. In experiments with pharmacological inhibitors, ECs were pretreated with compounds for 20 min at 37°C. Vehicle controls diluted identically were included for PTx (50% (v/v) glycerol with 50 mM Tris, pH 7.5, 10 mM glycine, and 0.5 M NaCl), Akt-X (water), UO126 (DMSO) and TAPI-2 (DMSO). VEGF (40 ng/ml), bFGF (40 ng/ml), RSII and ascorbate (50 μg/ml) were added to cells before seeding onto collagen matrices. Cells were allowed to invade for 24 h before fixing in 3% glutaraldehyde in PBS and staining with 0.1% toluidine blue in 30% methanol.
In hCG dose-response experiments, hCG was reconstituted in sterile water at 4000 U/ml, aliquoted for one-time use, and stored at −80°C. Collagen matrices were prepared as described above, except with the addition of 0 or 300 nM S1P and 0, 20, 100, 200 or 400 U/ml hCG. Cells were seeded as described above and allowed to invade for 24 h, fixed in 3% glutaraldehyde and stained with 0.1% toluidine blue in 30% methanol.
Experiments delivering β-estradiol (E2) and progesterone (P4) were conducted in phenol red-free DMEM (Gibco). ECs were seeded onto collagen matrices, diluted in phenol red-free DMEM containing 300 nM S1P. After 30 min, cells were supplemented with 50 μl of phenol red-free DMEM, containing final concentrations of 1× RSII, 4 ng/ml VEGF and bFGF (10-fold less than in previously described experiments), 50 μg/ml ascorbate, and the following doses of hormones: 0 nM E2 and 0 nM P4, 0.1 nM E2 and 10 nM P4, 1 nM E2 and 100 nM P4, or 10 nM E2 and 1000 nM P4. Cells were allowed to invade for 24 h before being fixed, stained and quantified.
WSS experiments
WSS experiments were conducted as previously described (Duran et al., 2017) . Briefly, collagen matrices were prepared at a final concentration of 3.75 mg/ml containing specified concentrations of S1P (0 or 1 μM) and GF (0 or 4 ng/ml VEGF and 0 or 4 ng/ml bFGF). Collagen (46 μl) was added per well (7 mm diameter) of an 8-well silicone mold pressed onto a 2 × 3 inch glass slide, and allowed to polymerize at 37°C with 5% CO 2 for 1 h. Cells were seeded (50 000/100 μl M199) and allowed to attach for 2 h before assembling onto parallel plate flow chambers. A uniform flow rate of 5.3 dyn/cm 2 WSS was applied using M199 supplemented with 1x RSII and 50 μg/ml ascorbate. Cells were allowed to invade for 24 h at 37°C with 5% CO 2 before fixing in 3% glutaraldehyde in PBS and staining with 0.1% toluidine blue in 30% methanol.
Quantification of invasion responses
Invasion density was quantified manually as the average number of invading structures per 0.25 mm 2 field using an eyepiece fitted with a 10 × 10 ocular grid. At least three wells were counted per treatment for three independent experiments. Invasion density was also quantified automatically by photographing individual wells at low power (4×). Images were captured using an Olympus CKX41 microscope with a Q-Color three camera, and one image was taken per well. A single depth was chosen and applied to all treatment groups to capture images. Images were imported into ImagePro Analyzer Software (Media Cybernetics, MD, USA). After correcting for background, a standardized region of interest was uniformly applied to every image to objectively quantify the number of invading structures per image. Identical settings were applied to all wells and treatment groups in each experiment. At least three replicate wells were analyzed and averaged per treatment from three independent experiments. To visualize and measure invasion distance of sprouting ECs, toluidine blue stained samples were cut and imaged from the side using an Olympus CKX41 microscope with a Q-Color three camera. Invasion distance was quantified using ImagePro Analyzer Software using 4× magnification images taken of side views of invasion. The perpendicular distance from the cell monolayer to the leading edge of invading cells was recorded as invasion distance. At least 100 cells per treatment group were included in the analysis.
Western blotting
Whole cell extracts from invasion experiments were prepared by removing collagen matrices from wells at indicated time points and adding to boiling 1.5× Laemmli sample buffer containing 2% 2-mercaptoethanol and incubating at 100°C for 10 min before storing at −20°C. Proteins were separated on 8.5% sodium dodecyl sulfate polyacrylamide gels and transferred to Immobilon polyvinylidene difluoride membranes (EMD Millipore, MA, USA). After blocking for 1 h at room temperature in either 5% BSA in 0.1% Tween 20 in TBS for phospho-antibodies or 5% evaporated non-fat milk in 0.1% Tween-20 in TBS, membranes were incubated with antibodies directed against PECAM-1 (3528S, Cell Signaling), VE-cadherin (sc-52751, Santa Cruz Biotechnology), claudin-5 (35-2500, Invitrogen), caveolin-1 (32512, Cell Signaling), vimentin (sc-6260, Santa Cruz Biotechnology), vWF (A0082, DAKO), α-SMA (A5228, Sigma-Aldrich), MT1-MMP (MAB3328, Millipore), Akt (9272, Cell Signaling), pAkt (phosphorylated Ser473, 4060, Cell Signaling), ERK (4695S, Cell Signaling), pERK (phosphorylated Thr202, Tyr204, 9101, Cell Signaling), alpha-actin (CP01, Calbiochem), β2M (sc-15366 Santa Cruz Biotechnology), or GAPDH (ab8245, Abcam, MA, USA) overnight at 4°C. Membranes were washed three times for 5 min with 0.1% Tween-20 in TBS before incubating for 1 h with horse-radish peroxidase (HRP)-conjugated secondary antibodies (DAKO) directed against the appropriate species. Following three 5-min washes with 0.1% Tween-20 in TBS, membranes were incubated for 5 min with Immobilon Western Chemiluminescent HRP Substrate (EMD Millipore, USA) before exposing HyBlot CL autoradiography film to membranes (Denville Scientific, MA, USA).
Lentiviral transduction
The enhanced green fluorescent protein (GFP) recombinant lentiviral vector construct has been previously described (Saunders et al., 2006; Lee et al., 2009; Su et al., 2010) and was used to transduce UtMVECs at Passage 5 using the VIRAPOWER lentiviral expression system, following manufacturer's instructions (Invitrogen) as previously described in detail Su et al., 2010) . Five days after transduction, cells were used for invasion assays containing RSII, VEGF, bFGF, ascorbate and 1 μM S1P, as described above. Invading cells were either fixed in 3% glutaraldehyde in PBS and stained with 0.1% toluidine blue, or fixed in 4% paraformaldehyde in PBS and stained with 1 μM DAPI (Molecular Probes). Samples were cut and mounted so that the monolayer was perpendicular to the imaging plane, which displayed a side view of each sample. Z-stacks with 1 μm step-size images of non-transduced and GFP-transduced cells were taken using a Nikon TI A1R inverted confocal microscope at 20× magnification.
Short hairpin RNA (shRNA) backbone vectors containing sequences directed against MT1-MMP (MMP14) and beta 2 microglobulin (β2M) were purchased from Sigma-Aldrich (TRCN0000050855; TRCN0000057254). Lentiviral particles were generated as previously described using the VIRAPOWER lentiviral packaging mix (Invitrogen) (Dave et al., 2016) . The lentiviral particles were harvested at 72 h and centrifuged at 1000 × g for 10 min. The viral supernatant was concentrated using Lenti-X Concentrator (Clontech, CA, USA) per manufacturer's instructions. UtMVECs and HUVECs at 30-45% confluency in 25cm 2 flasks were transduced with viral supernatant and polybrene (12 μg/ml; Sigma-Aldrich) and incubated for 5 h before removing lenti-containing media and feeding with 5 ml endothelial growth medium. ECs were cultured for 4 days before use in invasion assays.
siRNA silencing siRNA sequences against MT1-MMP (siMT1-MMP; siRNA ID: s8879) and an siRNA control (siControl; Negative Control No. 2 siRNA) were purchased from Thermo Fisher. ECs were seeded at 50-60% confluency in T25 flasks and transfected with 12.5 μl siPORT Amine (Thermo Fisher) and 20 nM of each siRNA, following manufacturer's instructions. ECs were cultured for 3 days and used in invasion assays on the fourth day.
Statistical analyses
All graphs show average values ±SD or SEM, as indicated. Statistical analyses were performed using Prism 6 (GraphPad Software, Inc., CA, USA). Individual tests are described in detail in the figure legends. All data shown are representative of at least three individual experiments. An unpaired Student's t-test was used on data comparing two groups. One-way analysis of variance (ANOVA) with Tukey's post hoc test was used for multiple comparisons. P-values of <0.05 were considered significant. Letters indicate statistical differences between groups.
Results

UtMVECs express EC markers and characteristics consistent with ECs in culture
We first confirmed that UtMVECs in culture express EC markers. Total RNA was isolated from UtMVECs, along with HUVECs as a control. Both UtMVECs and HUVECs were found to express mRNA for the EC markers claudin-5, PECAM-1, VE-cadherin and vWF. Along with these EC markers, UtMVECs and HUVECs expressed the mesenchymal cell marker vimentin. Both HUVECs and UtMVECs were positive for caveolin-1 and GAPDH mRNA and exhibited no detectable expression of the epithelial cell marker cytokeratin-8 nor the smooth muscle cell and pericyte marker, α-SMA ( GAPDH, as well as low levels of α-SMA protein in both cell types, corroborating the mRNA data (Fig. 1B) .
To reinforce findings from expression analysis, we also looked at EC morphology and the expression of protein markers in adherent UtMVECs. Blood vessels are lined by a single layer of ECs with a cobblestone appearance, connected by adherens and tight junctions, forming a selective barrier between blood and surrounding tissues (Dejana, 2004) . Cultured UtMVECs exhibited the characteristic EC cobblestone morphology ( Fig. 2A) . Cell-cell junctions stained positively for the tight junction protein, claudin-5 and the adherens junction proteins PECAM-1 and VE-cadherin (Fig. 2B-D) . UtMVECs also demonstrated punctate, cytoplasmic staining for vWF, a glycoprotein synthesized in Weibel-Palade bodies found exclusively in ECs (Fig. 2E) , as well as filamentous staining for vimentin, the major intermediate filament in ECs (Fig. 2F) . Neither α-SMA nor the isotype controls (Ms IgG and Rb IgG) displayed significant positive staining (Fig. 2G-I ). Collectively, Figs 1 and 2 demonstrate that UtMVECs express the expected EC markers in culture and do not express high levels of smooth muscle cell or epithelial cell markers.
S1P and GFs stimulate dose-dependent UtMVEC invasion
To examine their angiogenic potential, UtMVECs were seeded onto 3D collagen matrices and allowed to invade in the presence of proangiogenic factors known to be important in pregnancy Torry and Rongish, 1992; Hyder and Stancel, 1999; Zygmunt et al., 2003; Skaznik-Wikiel et al., 2006; Dunlap et al., 2010) . In this experiment, collagen matrices contained increasing doses of S1P in the presence of constant levels of VEGF and bFGF. Little UtMVEC invasion occurred in the presence of GFs alone (0 nM), and invasion responses increased dose-dependently with the concentration of S1P present (Fig. 3A) . The number of invading structures was quantified manually, as well as automatically (as described in Materials and Methods), revealing agreement between manual and automated counts (Fig. 3A) . Images of invasion illustrate the observed dose-dependent UtMVEC invasion responses (Fig. 3C, upper panels) . For comparison, we also included results from the well-characterized HUVEC line (Bayless and Davis, 2003; Bayless et al., 2009) , and like UtMVECs, we observed a dose-dependent increase in invasion with increasing levels of S1P present ( Fig. 3B and C) . Thus, these experiments reveal that proangiogenic factors produced locally during uterine angiogenesis are capable of eliciting robust invasion responses in UtMVECs.
Invading UtMVECs display increased Akt and ERK activation in response to S1P and GFs
To illustrate UtMVEC invasion responses over time, invading cultures were fixed, stained and imaged from the side at 8, 12, 16, and 24 h (Fig. 4A) . At 8 h, UtMVECs began to extend processes from the monolayer into the collagen matrix and the structures continued to increase in complexity at 12 h. Between 16 and 24 h of invasion, UtMVECs invaded deeper into the collagen and formed visible lumens (see arrowheads), which was comparable to the control HUVEC line (Fig. 4A) . Quantification of the number of invading structures at all time points revealed the maximal number of invading UtMVEC structures was attained at 12 h (Fig. 4B ). As seen from the images in panel Fig. 4A , after the 12 h time point, the invading structures increased in complexity and exhibited greater invasion distances that continued to increase, becoming maximal for both cell types at the 24 h time point (Fig. 4C ).
UtMVECs invade in response to physiological levels of WSS
In addition to GFs and lipids, ECs are continuously exposed to WSS from fluid flow. WSS is required for successful vascular development and remodeling, and can induce endothelial quiescence or angiogenesis, depending on the context. During pregnancy, elevated shear stresses coincide with vascular remodeling and induction of angiogenesis in the uterus and developing placenta Kaufmann et al., 2004; Lucitti et al., 2007) . We have previously shown that 5.3 dyn/cm 2 WSS combined with 1000 nM S1P induces robust sprouting responses in HUVECs (Duran et al., 2017) . To test the effect of WSS on UtMVEC sprouting, we combined the application of WSS with various combinations of S1P and GFs to promote UtMVEC invasion of collagen matrices (Fig. 5) . Quantification of UtMVEC invasion revealed that WSS alone or WSS combined with GFs (WSS+GF) had little ability to induce UtMVEC sprouting (Fig. 5A) . In contrast, S1P synergized with WSS to stimulate sprouting in the presence (WSS+S1P+GF) and the absence of GF (WSS + S1P), with WSS+S1P+GF promoting the greatest sprouting responses. Responses in HUVEC controls were comparable (Fig. 5A) . Side view images of the invasion responses after 24 h demonstrate almost no induction of sprouting in WSS and WSS+GF treatment groups, and strong elicitation of sprouting in WSS+S1P and WSS+S1P+GF treatment groups (Fig. 5B) . Comparison of manual and automated quantification methods revealed agreement between both methods (Supplementary Fig. 1A and B). These data show that physiological levels of shear stress combine with proangiogenic factors to promote UtMVEC sprouting into 3D collagen matrices. To further investigate the UtMVEC sprouting response and the activation of critical signaling pathways known to be important during angiogenesis, protein extracts of invading cultures, treated with or without S1P and GFs, were collected over time (Fig. 6 ). Western blots of invading cultures demonstrate that UtMVECs and HUVEC controls exhibited increased Akt phosphorylation (pAkt, Ser473), between 0.5 and 2 h, while total Akt levels remained relatively constant throughout invasion. S1P also increased activation of ERK signaling (pERK) through phosphorylation of Thr202 and Tyr204 at 0.5 h; however, GFs combined with S1P to potently induce ERK phosphorylation at 1 h of invasion, while total ERK remained relatively constant. The EC-specific adherens junction protein VE-cadherin was upregulated with time in both UtMVECs and HUVECs, similar to the trend in protein levels seen with MT1-MMP. No significant changes in actin or PECAM-1 levels were observed. Altogether, the expected time-dependent increases in UtMVEC invasion were observed that correlated with increases in Akt and ERK activation.
UtMVEC invasion requires S1P, Akt, ERK and MMP signaling
The studies above show that S1P dose-dependently increased UtMVEC invasion into collagen (Fig. 3) and stimulated critical proangiogenic signaling pathways, including Akt and ERK activation, as well as MT1-MMP upregulation (Fig. 6) . To demonstrate the functional involvement of S1P, Akt, ERK and MMPs in UtMVEC invasion, we treated UtMVECs with pertussis toxin (PTx), Akt Inhibitor-X (Akt-X), UO126 and TAPI-2, respectively. ECs respond to S1P via G-protein coupled receptors S1P1 and S1P3 (Kluk and Hla, 2002) , which activate G i signaling (Wang et al., 1999) to promote sprouting angiogenesis (Lee et al., 1999) . PTx, which blocks G i activation, was used to inhibit S1P signaling (Kaslow and Burns, 1992) . Akt-X inhibits the phosphorylation of Akt at Ser473, downstream of GF-activated PI3K signaling, preventing Akt stimulation of cell migration and cytoskeletal remodeling, which is important for the initiation of angiogenesis (Shiojima and Walsh, 2002; Zhu et al., 2002) . GFs also activate the MAP kinase signaling cascade, where ERK is phosphorylated at Thr202 and Tyr204 by MEK1/2, leading to increased gene transcription, proliferation and migration (Zhu et al., 2002; Wietecha and DiPietro, 2013) . MEK1/2 activity is non-competitively inhibited by UO126, preventing downstream activation of ERK. TAPI-2 was used to inhibit all MMPs. We observed that UtMVEC invasion was significantly inhibited by PTx, Akt-X and UO126 treatment and completely blocked by TAPI-2 (Fig. 7A) . Quantification of invasion responses demonstrated that PTx, Akt-X, UO126 and TAPI-2 significantly inhibited invasion compared to vehicle controls (Fig. 7B) . As in previous quantifications, automated counts agreed well with manual counts ( Supplementary Fig. 1 C) . To confirm the efficacy of the compounds tested, protein extracts were made from invading cultures to examine the activation of Akt and ERK signaling after incubation with inhibitors. Expression of total Akt, ERK Statistical significance in panels (B) and (C) was determined using a one-way ANOVA with Tukey's post hoc test where each letter represents significant statistical difference at P < 0.05 compared to other letters. Lower and upper case letters indicate differences between UtMVECs and HUVECs, respectively.
and PECAM-1 proteins were relatively constant in all treatment groups. As expected, at 1 h of invasion, pAkt and pERK protein levels decreased with increasing doses of Akt-X and UO126, respectively, compared to the vehicle control (Fig. 7C) . Together, these data indicate that S1P, Akt, ERK and MMP activity are required for successful UtMVEC invasion in 3D collagen matrices.
Silencing of MT1-MMP inhibits UtMVEC sprouting
Although pharmacological inhibition of various signaling pathways provides support for the involvement of a variety of molecules during endothelial sprouting, these drugs do not specifically inhibit a single protein. The complementary approach of targeting expression of a specific gene is a more precise method to clearly determine the involvement of individual molecules in the process. However, when using such an approach, it is critical that insertion of the gene to be expressed or activation of the RNA-induced silencing complex does not alter the invasion response. The above results with TAPI-2 suggest the general involvement of MMPs in sprouting responses. As proof of principle to identify a single MMP that controls sprouting, we chose to silence expression of MT1-MMP, a protein known to be critical for endothelial angiogenesis in vivo (Zhou et al., 2000; Chun et al., 2004) . UtMVECs were not transduced (non-transduced) or transduced with lentiviruses delivering shRNA to beta 2 microglobulin (β2M), a negative control, or MT1-MMP. Western blots demonstrate successful knockdown of MT1-MMP and β2M (Fig. 8A ). We performed dual invasion assays with these cells, using the S1P and GF (S1P+GF) system (described in Figs 3  and 4) , or the WSS, S1P, and GF (WSS+S1P+GF) system (described in Fig. 5 ). In both experiments, knockdown of MT1-MMP inhibited invasion responses, shown in side view images ( Fig. 8B and D) . Quantification of invasion density demonstrated significantly decreased invasion when MT1-MMP expression was knocked down, while silencing of β2M did not affect invasion density compared to non-transduced controls ( Fig. 8C and E) . Similar results were observed in HUVEC invasion controls ( Supplementary  Fig. 2 ), and agreement occurred between both manual and automated counting methods ( Supplementary Fig. 3A and B) . To confirm the results from the shRNA experiments, we also delivered siRNA targeted to a scrambled control (siControl) or MT1-MMP (siMT1-MMP). Western blot analysis confirmed successful MT1-MMP protein silencing (Fig. 9A ). UtMVECs transfected with either siRNA were allowed to invade in response to S1P and GF (S1P+GF) (Fig. 9B) or WSS, S1P, and GF (WSS+S1P+GF) (Fig. 9D ). In agreement with shRNA experiments, siRNA-mediated silencing of MT1-MMP successfully decreased corresponding invasion responses ( Fig. 9B and D) . Quantification of invasion density confirmed that silencing of MT1-MMP decreased invasion ( Fig. 9C and E) , and this was reinforced using both manual and automated counts ( Supplementary Fig. 3C and D) . 
UtMVECs demonstrate comparable invasion responses after lentiviral transduction of a control gene
The above results indicate that UtMVECs are amenable to lentiviral transduction for specific gene knockdown. In the converse experiment, we assessed the ability of UtMVECs to overexpress a gene while maintaining the same angiogenic potential as non-transduced cells. UtMVECs were either not transduced (non-transduced) or transduced with lentiviruses expressing enhanced GFP. On the fifth day of transduction, cells were allowed to invade into collagen matrices for 24 h. Cells were DAPI-stained and imaged from the side using confocal microscopy to confirm GFP expression in UtMVECs transduced with GFP-delivering lentiviruses (Fig. 10A) . To visualize angiogenic responses after GFP-transduction (GFP) or not (non-transduced), collagen gels of invading UtMVECs were also stained and imaged at increasing magnifications (Fig. 10B) . The number of invading structures and the invasion distance from the monolayer, indicated by arrows, was comparable between treatment groups. The morphology of invading structures appeared unaffected by lentiviral transduction, as non-transduced and GFP-transduced cells formed comparable overall structures with lumens (indicated by arrowheads) (Fig. 10B) . Quantification of invasion density and invasion distance from the monolayer (Fig. 10C and D) revealed that invasion responses were not significantly different between the two treatment groups. Automated quantification of invasion density was in agreement with the manual quantifications ( Supplementary Fig. 4 ). These results indicate UtMVECs can be transduced with recombinant lentiviruses to overexpress a protein, while still maintaining angiogenic capabilities.
UtMVECs respond dose-dependently to hCG in invasion assays
hCG has been previously reported as a proangiogenic factor (Zygmunt et al., 2002; Berndt et al., 2006; Herr et al., 2007) . hCG is synthesized by placental trophoblasts during early gestation (Muyan and Boime, 1997; Kovalevskaya et al., 2002; Handschuh et al., 2007; Guibourdenche et al., 2010) , leading to decreased uterine vascular permeability in vivo (Toth et al., 2001 ) and increased EC sprouting in aortic ring assays (Zygmunt et al., 2002; Berndt et al., 2006; Herr et al., 2007) . The uterine endothelium has been shown to express the LHhCG receptor at both the mRNA and protein levels in vivo (Toth et al., 1994) . To test whether hCG promoted UtMVEC sprouting in this model, UtMVECs were seeded in media containing GFs onto collagen matrices containing 0-400 U/ml hCG and allowed to invade for 24 h. No S1P was added to the matrix. Quantification of invasion density showed that as the concentration of hCG in the matrix increased, UtMVEC invasion also increased, with significantly more invasion at 100, 200 and 400 U/ml hCG compared to 0 and 20 U/ml hCG (Fig. 11A) . Under the same conditions, hCG did not significantly stimulate HUVEC invasion (Fig. 11A) . We next tested the UtMVEC responses to hCG in the presence of low levels of S1P stimulation. Cells were seeded onto collagen matrices containing 300 nM S1P and either 0, 200 or 400 U/ml hCG, and allowed to invade for 24 h. UtMVECs responded dose-dependently to the hCG addition (Fig. 11B) . HUVEC invasion was also slightly increased with 200 and 400 U/ml hCG (Fig. 11B) . While UtMVEC invasion density was slightly lower than HUVEC invasion density overall, UtMVEC invasion was more significantly enhanced with hCG treatment (Fig. 11B) . Interestingly, quantitation of Figure 6 Invading UtMVECs display increased signaling responses following treatment with S1P and GFs. UtMVECs and HUVEC controls were seeded onto 2.5 mg/ml type I collagen matrices in the presence (+) or the absence (−) of 1 μM S1P and 40 ng/ml VEGF and bFGF. Extracts of invading cells were made at the indicated times. Western blotting was performed with antibodies directed to activated Akt (pAkt, phosphorylated at Ser473), total Akt, activated ERK (pERK, phosphorylated at Thr202, Tyr204), total ERK, PECAM-1, VE-cadherin, membrane type 1-matrix metalloproteinase (MT1-MMP) and actin. Western blots from a representative experiment (n = 3) are shown.
invasion distance revealed that 400 U/ml hCG significantly elevated UtMVEC but not HUVEC invasion distance (Fig. 11C ). This was evident from side view images of UtMVEC invasion shown at two magnifications (Fig. 11D ). These data indicate that hCG not only promotes and enhances UtMVEC sprouting responses but also that hCG selectively increases UtMVEC invasion distance.
UtMVEC invasion is dose-dependently enhanced by estrogen and progesterone
During pregnancy, estrogen and progesterone combine to promote sprouting angiogenesis in the uterus (Das et al., 2009; Scott et al., 2012; Wetendorf and DeMayo, 2012; Goddard et al., 2014) . To determine the influence of these key hormones on UtMVEC sprouting using this model, we added increasing doses of estrogen and progesterone in the presence of submaximal levels of S1P and VEGF and bFGF. Quantification of invasion revealed that combined treatment of estrogen and progesterone promoted UtMVEC sprouting in a dosedependent manner, while no enhancement in HUVEC invasion responses was observed (Fig. 12A) . Side view images of invasion demonstrate the ability of combined estrogen and progesterone treatment to selectively stimulate UtMVEC sprouting (Fig. 12B ).
Discussion
We find here that human UtMVECs invade 3D collagen matrices in response to proangiogenic stimuli that are present during pregnancy and the female reproductive cycle. This model can be used to interrogate the necessity or consequence of other biological factors or genes on uterine angiogenesis. Further, we have developed an automated method to objectively quantify sprouting responses, which agrees with manual methods. We found that human UtMVECs were a pure EC population, free of epithelial and smooth muscle cells, and that UtMVECs responded similarly to HUVECs when activated with proangiogenic stimuli and WSS. Finally, UtMVECs were amenable to overexpression and gene silencing studies. Altogether, these studies establish UtMVECs as a useful and relevant cell type to determine the specific molecular events elicited by relevant pregnancy-associated factors to promote or inhibit uterine EC angiogenesis. This model has the potential to further our understanding of signaling pathways that control uterine angiogenesis. It is well accepted that an adequate supply of nutrients and oxygen are delivered via the vasculature and are required for successful pregnancy. In mice and humans, the uterine decidua supports early pregnancy prior to placental formation, and the uterine vasculature similarly adapts to the rising needs of the fetus ( UtMVEC invasion is dependent on S1P, Akt, ERK and MMP signaling. UtMVECs were pretreated with indicated concentrations of inhibitors or vehicle controls (Veh) for 20 min, before being seeded onto 2.5 mg/ml collagen type I matrices containing 1 μM S1P, with 40 ng/ml VEGF and bFGF in the media. (A) Side view photographs of invasion responses at 24 h following no treatment (Control), DMSO (Vehicle), 0.1 ng/ml Pertussis Toxin (PTx), 7.5 μM Akt Inhibitor-X (Akt-X), 5 μM UO126 or 5 μM TNFα protease inhibitor-2 (TAPI-2). Scale bar represents 100 μm. (B) Average invasion density (±SD) after 24 h of invasion was quantified manually. Statistical significance was determined using a Student's t-test, comparing each inhibitor to its respective control, where ** represents a significant statistical difference at P < 0.01 compared to the control. (C) Western blotting was performed using extracts collected after 1 h of invasion using antibodies directed to PECAM-1 (loading control), pAkt, Akt, pERK and ERK. Western blots from a representative experiment (n = 3) are shown. Douglas et al., 2009) . Three main changes occur within the vasculature, including vasodilation, increased permeability, and uterine angiogenesis Torry and Rongish, 1992; Zygmunt et al., 2003) . In humans, improper vascular development in the decidua correlates with miscarriage, abnormal placenta associated with preeclampsia, and intrauterine growth restriction (IUGR) (Maynard et al., 2008; Plaisier, 2011 ). An array of signals must converge for successful uterine remodeling and fetal development during pregnancy. The model system presented here isolates the responses of primary human UtMVECs, allowing the study of specific influences (e.g. hormones, proangiogenic GFs, S1P and WSS) on downstream signaling pathways relevant to angiogenesis during pregnancy. Because ECs are phenotypically heterogeneous and their gene expression can vary even within portions of the vascular loop in the same organ (Aird, 2006 (Aird, , 2007 , developing this model to study the influence of pregnancy-associated factors on UtMVEC sprouting in a 3D environment is relevant to better understand the key events needed for vital angiogenic responses in pregnancy.
Multiple biochemical signals must converge within the uterus for a successful pregnancy. Several of the key stimuli present include VEGF, bFGF, placental GF (PlGF) and hCG. It is well accepted that these factors are present and produced in utero by the decidua, placenta, endometrium and trophoblasts Torry and Rongish, 1992; Zygmunt et al., 1998a Zygmunt et al., , 2002 Zygmunt et al., , 2003 Hyder and Stancel, 1999; Li et al., 2001; Herr et al., 2003) . VEGF is produced in the placenta by villous trophoblasts and stromal macrophages (Jackson et al., 1994; Clark et al., 1998) . In addition to GFs, kinases that generate active S1P, and phosphatases that turn over the proangiogenic lipid, are upregulated during decidualization (Jeng et al., 2007; Mizugishi et al., 2007; Brunnert et al., 2014) and in gravid versus non-gravid horns in pregnant sheep (Dunlap et al., 2010) . The S1P receptors are also upregulated in mouse decidua at embryonic Day 4.5-7.5, supporting a role for the S1P signaling pathway in decidualization and successful angiogenic responses (Skaznik-Wikiel et al., 2006; KanekoTarui et al., 2007) . Uterine ECs must continually sense and respond to biochemical cues from GFs and lipids to appropriately instigate angiogenesis. These proangiogenic factors potently stimulate angiogenesis of human endometrial cells during in vitro assays and new blood vessel growth in vivo (Carmeliet and Collen, 2000; English et al., 2001; Carmeliet, 2003; Hla, 2004) . We demonstrate here that UtMVECs respond similarly to the previously described HUVEC line in invasion assays stimulated by S1P+GF as well as WSS +S1P+GF (Bayless and Davis, 2003; Bayless et al., 2009; Duran et al., 2017) . S1P dose-dependently promoted both UtMVEC and HUVEC invasion responses, where the latter cell type has been previously described (Bayless and Davis, 2003) . Monitoring signaling responses induced by VEGF, bFGF and S1P stimulation in UtMVECs (Fig. 5) gave the expected increase in both Akt and ERK1/2 phosphorylation (L' Allemain et al., 1991; Gerber et al., 1998; Gupta et al., 1999; Igarashi and Michel, 2001; Zubilewicz et al., 2001) . Consistent with a previously reported role for these molecules in sprouting and angiogenic responses (Eliceiri et al., 1998; Yang et al., 2003) , pharmacological inhibition of Akt and ERK significantly decreased the sprouting responses of UtMVECs, as expected. Our model demonstrates synergism between S1P, VEGF, bFGF and hCG, demonstrating that the functional endothelial responses can be monitored in tandem with stimulation by various physiological factors that promote angiogenesis during pregnancy.
In addition, we observe that MT1-MMP (MMP14) protein levels are upregulated during EC invasion. MMPs are widely studied in angiogenesis and function to degrade the matrix to form new capillaries (Carmeliet and Jain, 2011) . Although multiple classes of MMPs have been implicated in angiogenic events, MT1-MMP is essential for endothelial invasion within a 3D environment. Throughout pregnancy, MT1-MMP is expressed in the decidua as well as in fetoplacental ECs (Plaisier et al., 2008 (Plaisier et al., , 2009 van Hinsbergh and Koolwijk, 2008; Anacker et al., 2011; Hiden et al., 2012 Hiden et al., , 2013 . In studies with mice lacking MT1-MMP, neovessel formation and collagenolysis were completely inhibited in MT1-MMP null tissue explants and microvascular cells, (Chun et al., 2004) and loss of MT1-MMP was associated with defective angiogenesis (Zigrino et al., 2012) . In vivo, MT1-MMP expression is localized to tip cells within angiogenic vessels (Yana et al., 2007) . MT1-MMP is also required for lumen formation in vitro (Stratman et al., 2009) . Upregulation of MT1-MMP during UtMVEC sprouting is consistent with a requirement for MT1-MMP in angiogenesis. Further, silencing of MT1-MMP in UtMVECs abrogated angiogenic sprouting responses. Altogether, these data support a critical role for MT1-MMP in UtMVEC invasion of the ECM.
In addition to proangiogenic stimuli, the vasculature is constantly subjected to blood flow, which applies WSS to ECs. These mechanical forces are anticipated to work in combination with biochemical cues to correctly regulate angiogenesis in vivo (Davies et al., 1995; Topper and Gimbrone, 1999) . Numerous examples in developmental models reveal that flow contributes to vascular remodeling and can alter the Invasion density (±SD) of cells was quantified manually in experiments applying (C) S1P+GF or (E) WSS+S1P+GF. Statistical significance of invasion density between siControl and siMT1-MMP treatments was analyzed using a Student's t-test where *** represents a significant statistical difference at P < 0.001 compared to the siControl. Results from a representative experiment (n = 3) are shown.
vasculature (Olson and Srivastava, 1996; Hogers et al., 1997; Isogai et al., 2003; Lucitti et al., 2007) . In pregnancy, the rates of placental blood flow are dependent on placental vascularization, supporting that angiogenesis is ultimately needed for the development of healthy offspring (Reynolds and Redmer, 1995; Magness, 1998) . In both maternal and fetal tissues, nitric oxide is a key factor needed for vascularization and the endothelial form of nitric oxide synthase (eNOS) is known to be activated by WSS in ECs (Rizzo et al., 1998; Fisslthaler et al., 2000) . Mice lacking eNOS (NOS3) have decreased reproductive performance (van der Heijden et al., 2005) and impaired uteroplacental adaptations to pregnancy (Kulandavelu et al., 2013) . Similarly, blocking NO production with L-NAME induces pre-eclampsia in a mouse model (Motta et al., 2015) , indicating that lack of NO production has detrimental effects on pregnancy. In agreement with these studies, molecules such as arginine (a precursor for NO) and sildenafil (which inhibits NO degradation) have beneficial effects on conditions such as IUGR and pre-eclampsia in humans (von Dadelszen et al., 2011; Wu et al., 2013) and other species Wu et al., 2013) . Together, these data confirm that flow is needed for proper vascular development in both maternal and fetal circulations. Further, although shear stress is sensed by all ECs in vivo, the study of endothelial responses to mechanical forces has chiefly been performed with twodimensional cell cultures (Davies et al., 1995; Li et al., 2004; Sprague et al., 2010) , with a notable exception in the mouse embryo (Lucitti et al., 2007) . WSS levels in post-capillary venules have been estimated at 1-8 dyn/cm 2 in various models, where angiogenesis initiates (Ichioka et al., 1997; Kim and Sarelius, 2003; Jones et al., 2004; Boisseau, 2005) . In the present study, flow is demonstrated to stimulate angiogenic responses. We have modified a defined 3D system (Duran et al., 2017) where 5.3 dyn/cm 2 WSS synergizes with S1P and
GFs to promote sprouting responses in primary human UtMVECs. We find that WSS, S1P and GFs relevant to pregnancy synergize to promote UtMVEC sprouting, which mimics physiological stimuli present within the uterus. The model presented here has a number of expedient features. The entire system is serum-free. This platform is amenable to additional testing of hormones and other factors that are physiologically relevant in pregnancy. As shown here, this approach allowed us to detect differential responses to hCG, estrogen and progesterone between UtMVECs and HUVECs. The use of primary human ECs is likely of D Figure 10 UtMVECs demonstrate comparable invasion responses after lentiviral transduction. UtMVECs were either not transduced (Non-transduced) or transduced with green fluorescent protein lentiviruses (GFP) for 5 days and seeded onto 2.5 mg/ml collagen type I matrices containing 1 μM S1P in the presence of 40 ng/ml VEGF and bFGF and allowed to invade 24 h. (A) Cells were stained with DAPI to label cell nuclei prior to mounting on the side. Z-stacks with 1 μm step-size images of non-transduced and GFP-transduced cells were taken using a Nikon TI A1R inverted confocal microscope at 20× magnification. Note successful overexpression of GFP in GFP-transduced cells. Scale bars = 100 μm. (B) Toluidine blue stained collagen matrices were imaged from the side at 4×, 10× and 20× magnification to demonstrate comparable invasion distance and density in both groups. Scale bars equal 200 μm, 100 μm and 50 μm, respectively. Arrows indicate the original cell monolayer, while the arrowheads point to lumens in invading cells. (C) Invasion density (±SD) of invading cells was quantified manually. Statistical significance of invasion density between non-transduced and GFPtransduced cells was analyzed using a Student's t-test, finding no significant differences (n.s.) between the groups with P < 0.05 as the limit for significance. (D) Invasion distance was quantified by measuring the distance from the cell monolayer to the tips of invading structures (n > 100 structures per treatment group). Data shown represent average invasion distances (±SD) from a representative experiment (n = 3). Statistical significance of invasion density between non-transduced and GFP-transduced cells was analyzed using a Student's t-test. No significant differences (n.s.) between the groups were observed with P < 0.05 considered significant. benefit in this model because the timing and magnitude of angiogenic responses in humans differs from all other species studied (Herr et al., 2010) . Thus, if the ultimate goal is to better understand the molecular and cellular events required for a successful human pregnancy, then this model is a step closer to realizing that goal. The system developed here quantifies primary human endothelial sprouting in a 3D environment and can simultaneously monitor signaling events with functional sprouting responses. We report here that S1P, hCG, hormones, VEGF, bFGF and WSS significantly enhance UtMVEC sprouting responses. Finally, we have developed an automated quantification system that agrees closely with manual counts, which not only reduces the time needed to quantify larger sample sizes but also removes bias and subjectivity from the process of quantification. Altogether, this approach offers increased utility over other approaches that model angiogenesis during pregnancy because it is serum-free, uses primary human uterine microvascular ECs, models a 3D, physiological environment, and can be quantified in an unbiased manner.
We have initiated these studies with VEGF, bFGF, hCG, hormones, S1P and WSS and the conditions established provide a suitable platform upon which to test additional proangiogenic factors known to be critical during normal and diseased pregnancy; for example, placental GF, prostaglandins, VEGFR1 and others. Because this system is amenable to manipulation of gene expression, we can coordinate signaling responses with changes in sprouting. In addition, we have developed an automated system to quantify sprouting, which opens up the possibility of applications such as high-throughput screening to look for factors that enhance angiogenic responses to overcome limitations with vascular development and angiogenesis. Additionally, with the ability to manipulate flow rates, we can examine the consequences of changing WSS levels (e.g. lower or higher than normal or pulsatile) on EC sprouting to mimic the effects of pre-eclampsia or high-blood pressure. Although the studies reported here use only uterine ECs, the experimental model could be expanded to include comparisons between uterine, placental, ovarian and endometrial ECs. The approach HUVECs (Lonza Cat. C2517A, Lot 444770) derived from female donors, were seeded onto 2.5 mg/ml collagen matrices containing 0, 20, 100, 200 or 400 U/ml hCG in the presence of 40 ng/ml VEGF and bFGF. No S1P was added. Cells were allowed to invade for 24 h. Invasion density was quantified manually as the average number of invading cells in a 0.25 mm 2 field (±SD). At least three wells were counted and averaged per treatment. Results shown are from a representative experiment (n = 3). Statistical significance was determined using a one-way ANOVA with Tukey's post hoc test where each letter represents a significant statistical difference at P < 0.05 compared to other letters. Lower and upper case letters compare UtMVECs and HUVECs, respectively. (B) UtMVECs and HUVECs were seeded onto 2.5 mg/ml collagen matrices containing 300 nM S1P and either 0, 200 or 400 U/ml hCG in the presence of 40 ng/ml VEGF and bFGF. Cells were allowed to invade for 24 h. Invasion density (±SD) was quantified manually from three wells. Data from a representative experiment (n = 3) are shown. Statistical significance was determined using a one-way ANOVA with Tukey's post hoc test, where each letter represents a significant statistical difference at P < 0.05 compared to other letters. Upper and lower case letters compare HUVECs and UtMVECs, respectively. (C) Samples from (B) were used to quantify invasion distance, where n > 100 structures from a single experiment (n = 3) were included per treatment group for the analysis. Data shown represent average invasion distances (±SEM). Statistical significance was determined using a one-way ANOVA with Tukey's post hoc test where each letter represents a significant statistical difference at P < 0.05 compared to other letters. Upper and lower case letters compare HUVECs and UtMVECs, respectively. (D) Photographs of UtMVEC invasion assays from panel B. Two magnifications are shown at 4× (upper panels) and 10× (lower panels). Scale bars = 200 μm and 100 μm, respectively for upper and lower panels. Arrows indicate the original cell monolayer, while arrowheads point to lumens in invading cells.
could also incorporate stromal and mural cells in co-culture studies, or trophoblasts to study the interplay between ECs in vascular remodeling events early in pregnancy. Altogether, these studies establish a model to objectively study the effects of a multitude of factors on uterine EC angiogenesis, which could aid our understanding of angiogenesis during pregnancy.
Supplementary data
Supplementary data are available at Molecular Human Reproduction online. Figure 12 Combined treatment with estrogen and progesterone selectively enhances UtMVEC invasion. (A) UtMVECs and HUVECs were seeded onto 2.5 mg/ml collagen matrices containing 300 nM S1P in the presence of 4 ng/ml VEGF and bFGF. Estrogen (E2) and progesterone (P4) were added at the following concentrations: 0 nM E2 and 0 nM P4, 0.1 nM E2 and 10 nM P4, 1 nM E2 and 100 nM P4, or 10 nM E2 and 1000 nM P4. Cells were allowed to invade for 24 h. At least three wells were counted per treatment and pooled from three independent experiments. The number of invading structures per well was normalized relative to the average control invasion (0 E2, 0 P4), (±SD). Statistical significance was determined using a one-way ANOVA with Tukey's post hoc test where each letter represents a significant statistical difference at P < 0.05 compared to other letters. Lower and upper case letters compare UtMVECs and HUVECs, respectively. (B) Photographs of UtMVEC and HUVEC invasion responses after treatment with 0 nM E2 and 0 nM P4, or 10 nM E2 and 1000 nM P4. Arrows indicate the original monolayer. Scale bar equals 100 μm.
